In an extensive series of studies on the initiation process of ammonium perchlorate (AP) combustion employing high-level quantum chemical techniques, we have investigated 85 reactions occurring in the gas phase, in solution and on AP crystal surface. Gas-phase reactions including the unimolecular decomposition of HOClO3 and numerous bimolecular processes such as OH + ClO3, NHx + ClOy (x = 2, 3; y = 0 -4), HOCl + H/O/HO/HO2 , HOCl + ClOx (x = 1-4) and HOCl + HNOx (x = 1, 3), Cl/ClO/OH + HClO3, ClO + NOx/HOx (x = 1 -2), among others, have been studied by molecular orbital and quantum-statistical theory calculations. Several examples of these processes will be discussed. For the reactions occurring on the AP surface and in water solution, we have employed the periodic boundary and continuum solvent models (PCM) to study the effects of water on the sublimation and decomposition of AP. The results of these calculations agree quantitatively with available experimental kinetic data. The activation energies for redox processes in water solution were computed to be very high and no reactions leading to the production of NOx, ClO2 and HOCl species as proposed in the literature could be identified.
Introduction
Despite extensive studies on the mechanism for the decomposition and combustion of ammonium perchlorate (AP) experimentally over the past few decades, as summarized in detail in the overviews by Jacobs and Whitehead 1) and Tanaka and Beckstead 2) many questions still remain regarding the key controlling initiation processes within and/or near the burning surface. Tanaka and Beckstead reviewed various assumed initiation reactions; they put forth a three-phase combustion model to account for the observation of Brill et al. 3) acquired from a time-resolved FTIR measurement at high pressure and that of Ermolin and coworkers 4) for species detected by mass-spectrometry near a burning AP surface. The mechanism includes the following initiation processes in the 3 phases: AP (s) → NH 3 + HClO 4 AP (s) → AP (l) → NH 3 To fully substantiate the 3-phase combustion model requires a systematic study of the chemistry occurring in each of the three phases by high-level quantum-chemical calculations for the key processes involved. In the past several years, over 85 elementary reactions related to AP decomposition and the formation of its early products including HClO 4 , NH x + ClO y (x = 2, 3; y = 0 -4), HOCl + H/O/HO/HO 2 , HOCl + ClO x (x = 1-4) and HOCl + HNO x (x = 1, 3), Cl/ClO/OH + HClO 4 , ClO + NO x /HO x (x = 1 -2), among others, have been investigated in great details in our laboratory ; many of ClO x and NO x reactions are directly relevant to the chemistry of the Freon-polluted stratosphere. The key results have been reported in the review papers 5, 29) . As far as the ClO x chemistry is concerned, we took the opportunity to predict for the first time by first-principles calculations from detailed potential energy surface mapping to T,P-dependent rate constants under stratospheric conditions, for which experimental data are available for comparison with our predicted values.
In order to verify the condensed phase reactions proposed by Tanaka and Beckstead as aforementioned, we have computationally investigated the effect of water on the decomposition, reduction and oxidation (Redox) reaction mechanisms of the individual NH 4 ClO 4 in the gas phase and in the H 2 O solution 20, 23) . On the sublimation processes, we first studied the kinetics and mechanism for the sublimation and decomposition reaction of the crystalline NH 4 Cl; the result of this calculation using the quantum-chemical and statistical theories resulted in good agreement with available experimental data 17) . This is the first time the sublimation of an ammonium salt was quantitatively characterized by quantum mechanics.
Because of the space limitation, we will select some key processes occurring in the 3 phases to illustrate the capability of the current computational techniques for elucidation of complex chemical processes. These techniques will be briefly presented below.
Computational Methods

Gas phase reactions
The geometric parameters of the species and stationary points related to the reactions of interest were optimized at the B3LYP/6-311+G(3df,2p) 30) level of theory and their vibrational frequencies were also calculated at this level. For more accurate evaluation of the energetic parameters, higherlevel single-point energy calculations of the stationary points were carried out by CCSD(T)/6-311G(3df, 2p) or the modified Gaussian-2 (G2M) theory 31) , based on the optimized geometries at the B3LYP/6-311+G(3df,2p) level of theory. All ab initio calculations were carried out with Gaussian 03 program 32) .
The rate constants for the related reactions were calculated by the VARIFLEX code 33) based on the microcanonical variational transition state (VTST) or Rice-Ramsperger-Kassel-Marcus (RRKM) 34) theory for processes which occur via stable intermediates. The component rates were evaluated at the E/J-resolved level and the pressure dependence was treated by one-dimensional master equation calculations using the Boltzmann probability of the complex for the J-distribution. For the barrierless association/decomposition process, the fitted Morse function, V(R) = D e {1-exp[-β(R-R e )]} 2 , was used to represent the minimum potential energy path (MEP). Here, D e is the bonding energy excluding zero-point vibrational energy for an association reaction, R is the reaction coordinate (i.e., the distance between the two bonding atoms), and R e is the equilibrium value of R at the stable intermediate structure. For the reactions with multiple wells, we have also employed the ChemRate code of Mokrushin et al. 35) to corroborate the predicted rate constant by the VARIFLEX program.
Reactions on surfaces or in solids
Calculations for reactions on surfaces or in solids were carried out with the Vienna Ab-initio simulation package (VASP) [36] [37] [38] which evaluates the total energy of periodically repeating geometries on the basis of density function theory (DFT) with the pseudo-potential approximation. For the periodic boundary condition, the one-electron pseudo-orbitals were expanded over a plane-wave basis set. The expansion includes all plane waves with their kinetic energies smaller than the chosen cut-off energy, i. e. h 2 k 2 /2m < E cut , where k is the wave vector, m is the electronic mass, and E cut is the chosen cutoff energy. In this study, cutoff energies of 400 and 550 eV were chosen for structural parameters and single point energy calculations, respectively.
Generalized gradient approximation (GGA) 39, 40) with PW91 exchange-correlation functional 39) was used for the present calculation. The Brillouin zone was sampled using a Monkhorst-Pack scheme. 41) The Fermi-smearing with σ = 0.2 eV was used. For comparison, different supercells were used in the calculation for elucidation of some characteristics of the system.
Reactions in solution
For the reactions in solution, the Polarizable Continuum Model (PCM) 42, 43) as implemented in Gaussian 03 was used to account for the continuum solvation effects. The United Atom for Hartree-Fock (UAHF) model was used to build the cavity in PCM, denoted as PCM/UAHF. Water with a dielectric constant of 78 was selected to represent a highly polar condensed-phase medium.
Results
Unimolecular decomposition of perchloric acid and the related OH + ClO 3 reaction
The initiation mechanism for the combustion of ammonium perchlorate is not well-understood; however, because of the very high chemical stability of NH 3 comparing with that of HClO 4 , the latter is expect to contribute most significantly to the initiation of the gas phase chain reactions through its unimolecular decomposition process. In principle, the decomposition and the related bimolecular reverse reaction, OH + ClO 3 , can produce new reactive species, HO 2 and ClO 2 as depicted below:
→ HOOClO2 * → HO2 + ClO2, (2) Reaction (1) is the first step of the chain initiation processes, which produces the key chain carrier, OH; while reaction (2) is a potential chain-branching process producing HO 2 and OClO. Both HO 2 and OClO can decompose to give H and O, respectively; they can also generate OH by very fast reactions such as HO 2 + NO and H + OClO.
1. 1. Thermal decomposition of HClO 4
The unimolecular decomposition of HClO 4 has been experimentally studied by different methods. [44] [45] [46] Levy's experiment 44) indicated that in a static cell the decomposition was strongly affected by a heterogeneous reaction at the lower temperatures; the reaction becomes homogeneous at temperatures above 600 K. He suggested the rate-determining step to be: HClO 4 → ClO 3 + OH for the homogeneous reaction. His experimental data obtained at atmospheric pressure with a flow reactor could be represented by k 1 = 5.8 × 10 13 exp (-22700 / T) sec -1 . Gilbert and Jacobs 46) investigated the decomposition of HClO 4 in Pyrex reaction vessels by a flow technique in the temperature range of 552 -744 K, their results indicated that the reaction is essentially first order at all temperatures and the homogeneous rate constant could be given by k 1 = 6.7 × 10 12 exp (-21800 / T) sec -1 at the initial HClO 4 concentrations, 1 × 10 -4 -1.5 ×10 -3 mol/l, presumably measured under the atmospheric pressure condition.
Theoretically, we calculated the potential energy surface and kinetics for this system 16) . The comparison of the predicted dissociation rate constant with the experimental values is given in Fig. 1 based on the G2M energies as shown in Fig. 2 . The figure shows that our theoretically predicted rate constant at 1 atm agrees well with those obtained from flow-reactor studies. 44, 46) The rate constant at 1 atm can be expressed as: k 1 = 5.0 × 10 51 T -11.64 exp (-30700 / T) s -1 in the temperature range 300 -3000 K. The predicted high-pressure limiting rate constants for the decomposition reaction HClO 4 → ClO 3 + OH can be expressed by:
for the temperature range of 300 -3000 K. The large A-factor reflects the very loose transition structure for the barrierless dissociation process.
1. 2. Bimolecular association/decomposition reactions
Based on the PES (see Fig. 2 ), HClO 4 is rather stable, therefore, the pressure-dependent association reaction rate constants for HO + ClO 3 → HOClO 3 were also calculated 16) . The result shows that the association process has a strong positive-pressure dependence from 0 -200 atm and a strong, negative temperature dependence from 800 -1500 K with a small positive -temperature effect above 1500 K (due to the onset of the isomerization reaction). At the high-pressure limit, the association rate constant was predicted to have a slight positive-temperature effect resulting from the large entropic contribution to the dissociation process. 
2. Computational study on the decomposition of AP and its iggregates in solution
The decomposition of AP in solution has not been experimentally or computationally studied. In this work, we have investigated the mechanism for the redox of isolated AP in the gas phase and in solution in order to substantiate Tanaka 
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and Beckstead's mechanism 2) . The solvent effects are considered in two steps: first, the energies and structures of the aggregates of AP with one and two water molecules are determined and then the PCM model is applied on the isolated AP and its aggregates with a dielectric constant ε = 78. 39 
The corresponding gas-phase and condensed-phase dissociation energy diagrams obtained at the B3LYP/6-311+G(3df,2p) level for the above channels are plotted in Figs. 3 -5, respectively. One can see from these figures that for the gaseous dissociation processes, the dissociation energies are 50.3, 61.1 and 68.8 kcal/mol for AP, AP-H 2 O, and AP-2H 2 O (corresponding to n = 0, 1 and 2), respectively, for reaction (3) . They are 14.7, 18.8 and 19.6 for reaction (4) and 110.5, 114.4 and 116.4 kcal/mol for reaction (5) , respectively. Apparently, in the gas phase, reaction (4) is dominant; the existence of ion pairs in the gas phase (reaction (5)) is not favored energetically; addition of water slightly increases the values of these channels. However, the PCM calculation results for the reactions in solution show that the dissociation energies are 73.1, 75.0 and 76.9 kcal/mol for reaction (3); 30.8, 30.5 and 30.6 kcal/mol for reaction (4) and 3.0, 5.5 and 7.2 kcal/mol for reaction (5) , respectively. Interestingly, the calculated dissociation energy (30±1.0 kcal/mol as shown above) in solution for the formation NH 3 + nH 2 O-HClO 4 are close to the experimental proton transfer activation energies, 26-31 kcal/mol measured in solid. The above values show that in solution, AP and its aggregates mainly dissociate to ion pairs, clearly reflecting the important effect of solvation.
The calculated solvation free energies for NH 3 [47] [48] [49] [50] [51] . The predicted solvation free energy with the PCM model for the isolated AP, -30.0 kcal/mol is consistent with the average values determined from the aggregates of AP with one H 2 O (-30.2 kcal/mol) and 2H 2 O (-30.0 kcal/mol), respectively. 
AP sublimation kinetics and mechanism
Mechanism for the possible sublimation/dissociation mechanisms of ammonium salts in general is not well elucidated; the relationship between sublimation energies and activation energies of sublimation has not been understood. In this part, we have studied for the first time the kinetics and mechanism for the sublimation/decomposition of NH 4 ClO 4 by first-principles calculations, using a generalized gradient approximation with the plane-wave density functional theory. Detail computational processes and the moldel used for the calculations are available in the reference 18) . The result of our calculations indicates that three distinct steps are involved in the sublimation process (See Fig. 6 ). In the first step, NH 4 + ClO 4 molecules relax from their crystal structure on the surface with a small (0.1 kcal/mol) relaxation energy; in the second step, one of the surface NH 4 + ClO 4 molecules undergoes proton transfer and desorbs as the molecular complex H 3 N HOClO 3 with a 28.1 kcal/mol barrier without an intrinsic transition state; in the last step, the molecular complex H 3 N HOClO 3 dissociates rapidly to NH 3 (g) and HOClO 3 (g) with 18.5 kcal/mol energy also without a distinct barrier. The calculated desorption activation energies for NH 3 , HClO 4 molecular complex individually from the relaxed surface are 45.3, 43.5 kcal/mol, respectively, which can not compete with the sublimation step (step 2). The rate constants for the last two steps were calculated. The rate constant for the dominant sublimation process desorbing H 3 N HOClO 3 as a pair can be presented by k sub. = 6.53 × 10 12 exp (-28.8 kcal/mol/RT) s -1 , which is in reasonable agreement with available experimental data [see Fig. 7 ]. Expectably, the decomposition of H 3 N HOClO 3 (g) to NH 3 (g) + HOClO 3 (g) is considerably faster, about 1 × 10 7 times greater than that for the sublimation process in the same temperature range. The rate constant for the gasphase dissociation step can be expressed by 1.20 × 1015 exp (-14.6 kcal/mol/RT) sec -1 . This study further confirms that the activation energy for the sublimation of an ammonium salt is significantly lower than the enthalpic change and that the molecular complex of acid and base sublimes concurrently as a pair. 
4. H 2 O Effect on the sublimation/decomposition of AP
In this part, we will present the kinetics and mechanisms for the H 2 O effect on the initial decomposition of ammonium perchlorate on the AP surface, where H 2 O is believed to derive mostly from both the original moisture in AP and equally likely the H 2 O formed by the rapid oxidation of NH 3 initiated by OH attack following the fast decomposition of HClO 4 16) . By placing water molecules on the AP surface, we attempt to address the following questions: how does the water affect the solid AP sublimation mechanism? What role do the water molecules play in the decomposition of AP in comparison to those in the gas phase and in solution? Figures 8 -10 show the desorption energies of different species from AP and (H 2 O) n (n = 1, 2, 3) -covered AP surfaces. The desorption energy E des for the species subliming from the relaxed surface is defined as: ; E mol (g) is the energy of the above species in the gas-phase; E slab is the total energy of the slab with the 30 Å vacuum space. E mol (g) was calculated in a 30 × 30 × 30 Å 3 cubic box.
Calculated results show that H 2 O can enhance the sublimation of AP; the sublimation energies with (H 2 O) n (n = 0, 1, 2, 3) from the surface were predicted to be 28.1, 21.4, 18.6 and 14.2 kcal/mol, respectively. Notably, H 2 O was found not to affect the proton transfer between the NH 4 + /ClO 4 ion pair, but was found to significantly enhance the sublimation of AP by co-desorbing with the ion pair. The rate constants for the dominant sublimation processes, the desorption of the molecular complex, H 3 N HOClO 3 , and the co-desorption of H 2 O with AP, (H 2 O) n NH 4 ClO 4 (n =1, 2), predicted by canonical variational transition state theory can be presented by : k des = 6.53 ×10 12 exp (-28.8 kcal/mol/RT) (n = 0) s -1 , 1.69 ×10 10 exp (-20.3 kcal/mol/RT) (n = 1) s -1 and 1.08 ×10 11 exp (-17.7 kcal/mol/RT) (n =2) s -1 , respectively, with a significant enhancement by the H 2 O molecules. Interestingly, the structures of AP in the water complexes are more ionic than that without H 2 O in the gas phase. In addition, the energy changes for proton transfer on the surface have been compared with those in solution. The calculated proton transfer energies on the crystalline AP surface with (H 2 O) n (n = 0, 1, 2), 31 Fig. 11 and can be presented by : k dec (n=0) = 6.5 ×10 12 exp (-28.8 kcal/mol/RT), k dec (n=1) = 1.7 ×10 10 exp (-20.3 kcal/mol/RT) and k dec (n=2) = 1.1 ×10 11 exp (-17.7 kcal/mol/RT) s -1 . Schematic energy diagram (in kcal/mol) for the sublimation/dissociation processes of 2H2O-AP; where 2H2O-AP represents the initial relaxation AP surface with 2 H2O; "a" represents the adsorbed state and "g" represents the gas phase. 
Conclusion
In this article, we have selected only a few examples to illustrate the capability of the present day quantum chemical method for elucidation of the mechanisms of processes occurring in the gas phase, in solution and on a solid surface in the initial stages of AP combustion. We presented the result predicted for one of the key initiation processes of the AP combustion system, the unimolecular decomposition of perchloric acid, HClO 4 , and its related bimolecular reaction, OH + ClO 3 . We also presented the effect of H 2 O on the sublimation of AP by first-principles calculations using the plane-wave density functional theory. The results of our calculations for 1 -3 H 2 O molecules on the surface indicate that the proton transfer on the crystal surface needs to overcome 30.0 ± 2.0 kcal/mol energy, which is the same as the value, 30.0 ± 1.0 kcal/mol obtained in water solution by PCM calculations. Water molecules do not affect the proton transfer process between NH 4 + /ClO 4 ion pair on the surface, but they can significantly reduce the sublimation energy of AP by codesorbing with the NH 4 + /ClO 4 ion pair. We failed to substantiate Tanaka and Beckstead's redox processes in solution which may give rise to NO x , ClO 2 and HOClin the initial decomposition of AP. The sublimation energies of AP with nH 2 O (n = 0, 1, 2, 3) were predicted to be 28.1, 21.4, 18.6 and 14.2 kcal/mol, respectively; the rate constants for the codesorption with 2H 2 O are 2 -3 orders faster than those without water. On account of the low adsorption energy (5.0 ~ 12.8 kcal/mol), H 2 O cannot be stabilized on the AP surface under combustion conditions; the adsorbed H 2 O-AP complex can readily, almost totally, decompose back to the reactants (H 2 O + AP). These results, together with the fact that H 2 O desorbs readily from the AP surface with relatively low energies, suggest that the formation of a solution layer on a decomposing AP surface as mentioned in the Introduction is not likely at high temperatures. 
